Obstructive sleep apnea is an important disorder because of both pensatory mechanisms, individuals with OSA have increased its prevalence and its cardiovascular and neurocognitive sequelae.
women actually have a smaller pharyngeal lumen size than men (even when normalized for body size) and thus in theory Obstructive sleep apnea (OSA) is a common disorder characshould have more apnea. Regarding muscle performance, terized by abnormalities in pharyngeal anatomy and physiolone report suggests increased pharyngeal dilator muscle actiogy (1) . The associated repetitive pharyngeal collapse during vation in women during wakefulness when compared with sleep has important, well-established neurocognitive and carmen, although this has not been a consistent finding (21, 26). diovascular sequelae (2) (3) (4) (5) (6) (7) (8) (9) . In theory, male sex, a major risk In addition, no data are currently available regarding sex factor for OSA, could predispose to pharyngeal collapse secdifferences in muscle responsiveness to standard stimuli such ondary to sex-based differences in pharyngeal anatomy and/ as negative pressure. Finally, although differences in ventilaor physiology.
tory control may be important in apnea pathogenesis, only A major hypothesis regarding collapse of the upper airway one group has reported a relatively subtle difference in the during sleep is predicated on the fact that affected individuals Pco 2 apnea threshold during sleep between normal men and have compromised pharyngeal airway anatomy (10-14).
women (36) . Thus, the mechanisms whereby male sex inHowever, through local reflex-driven neuromuscular comcreases the susceptibility to pharyngeal collapse are unclear.
As a result, in this study we combined assessments of upper airway anatomy and physiology in normal and near-normal males and females in an attempt to explain the male predispo-(Received in original form January 3, 2002 ; accepted in final form August 6, 2002) sition to pharyngeal collapse.
Supported by NIH NHLBI 1 P50 HL60292 (Specialized Center of Research on
In the present studies undertaken, we recognized the poSleep Neurobiology and Sleep Apnea), RO1 HL48531, T32 HL07633, and the Sleep tential inability of physiologic assessments to specifically de- The purpose of this study was twofold: (1 ) to determine logic assessments in normal (and near-normal) subjects. By
Minimal axial airway image (see Figure E1 in the online data supplestudying both men and women matched for age and body the mandible and vertebrae.
Sagittal anatomy (see Figure E2 in the online data supplement): the
METHODS
soft palate area, soft palate length, pharyngeal length (measured from the hard palate to the base of the epiglottis), tongue height, Anatomy and Physiology tongue width, and tongue area were defined. Subjects. A total of 19 male and 20 female subjects were group-matched Once imaging was complete, the images were then transferred to a for both age and body mass index. All subjects were normal, as deter-UNIX-based SUN Station, where they were processed, analyzed, and mined on the basis of a thorough history and physical examination, interpreted. A "connection machine" (edge detection algorithm using and were free of any symptoms suggesting sleep apnea, other sleep simple thresholding) was used to avoid subjective bias in measurement. disorders, or other relevant medical conditions. None were taking any
Upper airway physiology. The physiology techniques employed are medication. Further subject characteristics are provided in Table 1 . The as previously described, and are detailed in the online data supplement. subjects were recruited from the general population through e-mail
The subjects were studied during basal breathing and with negative advertisements and poster bulletins. Before participation, all provided pressure stimulation during wakefulness. Output from intramuscular informed consent for the protocol, which had the prior approval of the genioglossus EMG electrodes and Millar pressure catheters was reHuman Subjects Committee of the Brigham and Women's Hospital corded during basal breathing and negative pressure pulses (45) (46) (47) are presented, the possibility exists that significant differences will be Waukesha, WI). Apneas and hypopneas were scored by a blinded regfound due to chance alone. To address this, a Bonferroni correction istered sleep technician using American Academy of Sleep Medicine yielded a p value of 0.004 as the threshold for significance, accounting for (41, 42) criteria. We prespecified an apnea-hypopnea index cutoff of multiple comparisons. Thus, this was used as our standard for statistical 15 events per hour to define the presence or absence of obstructive significance. For measurements where a significant difference was oband/or central sleep apnea. The relatively high apnea-hypopnea index served, we also normalized the variable of interest for multiple measures threshold was chosen because of our use of the nasal pressure signal, of body size, so as to ensure that the observed differences were not which tends to increase the number of events scored when compared simply a surrogate for body size; however, in all cases, this normalization with thermistors alone (43). Although some data suggest important did not affect the results. adverse effects of OSA in the range of 5-15 events per hour of sleep, the majority of these studies were conducted with thermistors alone.
Finite Element Model Although we consider our population to have minimal or no sleep apnea, none of the subjects in this study would meet the criteria for For our model, we described the upper airway as a two-dimensional channel in the midsagittal plane. This allowed the simulation of tongue the sleep apnea syndrome (i.e., symptoms).
Magnetic resonance imaging. All images were obtained on the same and uvula movements in the anteroposterior direction, which maintains features important in negative pressure-induced upper airway collapse. 1.5-T MR scanner (Signa Advantage; GE Medical Systems, Waukesha, WI). Subjects were studied in the supine posture with the head secured
The geometric structure, which includes the tongue, mandible, hard palate, soft palate, uvula, hyoid bone, epiglottis, and pharyngeal airway, in the neutral anatomic position (Frankfort plane). Sequential T1-In the structure depicted in Figure 1 , the hard palate, mandible, and the bottom of the epiglottis are fixed. The tongue and uvula, except the parts connecting directly to the fixed boundaries, can move freely under loads. Fluid-solid interaction conditions are given at the deformable front wall of the upper airway, which is composed of three interfaces (air-uvula, air-tongue, and air-epiglottis). The posterior pharyngeal wall is modeled as a rigid structure, allowing little deformation because of the vertebral bodies. The pressures at the entrance and the exit of the upper airway are provided in each case. The simulation used a physiologic direction for airflow (primarily laminar, fully developed), yielding a more negative pressure at the epiglottis during inspiration than at the choanae. The governing equations controlling air flow and tissue deformation are solved under these boundary conditions, using the finite element method. This simulation is performed with nonlinear dynamic analysis software (ADINA 7.3; ADINA R&D, Watertown, MA). Eight node rectangular solid elements and three node triangular fluid elements are employed.
From the airway deformation patterns predicted using this model at different pharyngeal negative pressures, one can measure the dimen- Figure 1 . An illustration of the two-dimensional model of the upper sional changes at desired areas in the upper airway, in particular the airway with "meshing" removed. P in is the pressure at the airway ennarrowest part of the airway just above the tip of the uvula. We defined trance and P out is the pressure at the airway exit.
D min as the dimension of the narrowest part of the pharynx as measured in the anteroposterior direction of the pharyngeal airway in the midsagittal plane. Further, we defined S up by the area of the retropalatal airway. Specifically, we measured total pharyngeal length (from hard palate to epiglottis) and determined a point above the uvula whose distance was is generated on the basis of MRI measurements from normal and near-20% of total pharyngeal length from the caudal tip of the uvula. S up is normal subjects (see Figure 1) . From the pool of MRI studies described then the projected area of the portion of the velopharynx in the midsagiabove, we randomly selected the images of five males and five females ttal plane extending from the caudal tip of the uvula, up cranially a for further analysis. These two subgroups were independently matched distance of 20% of the total pharyngeal length. for age and body mass index. To define anatomy, we identified a number of key points on MRI along the boundaries of the pharynx, tongue, uvula, epiglottis, and so on, from each image to generate a "mean Table 2 ). First, the pharyngeal airway length was considerThe linear constitutive equation for elastic material (the stress-strain ably greater in men than in women (see Figure 4 ). This difference relationship), which is characterized mainly by the elastic modulus, is persisted even when the data were normalized for body size used for each tissue component in this simulation. The values of the elastic modulus for some biological materials, such as bone (E ϭ 1.72 ϫ using multiple normalization strategies including body height. greater in men than in women. This finding was true for airway
We considered two pharyngeal conditions in this study. One is the area (axial images) and airway volume (multiple axial images), passive pharyngeal condition, in which there is no muscle activation and persisted after normalizing for airway length, body size, and (i.e., sedated, paralyzed). The other is the sleeping condition, during other variables. Conversely, no important sex-related differences which there is some dilator muscle activity. In the second (sleeping) in parapharyngeal fat distribution were observed.
condition, the influence of muscle activation will be modeled by changes
To assess the reliability of our measurements, we conducted in the tissue elastic modulus rather than actual shortening of myofilaa blinded assessment of the airway length of 10 randomly chosen ments. In the assessment of the passive upper airway, Isono and coworkindividuals on 10 separate occasions. On the basis of these data, ers (14) showed that the closing pressure (Pclose) for normal subjects we calculated a reliability coefficient of 97%.
is about Ϫ5 cm H 2 O. In another study, by Schwartz and coworkers of normal subjects during sleep, a Ϫ13 cm H 2 O closing pressure was obFrom the detailed physiologic assessments, no sex-based difserved (49, 50) . These data are used in our model as the values for the ferences were observed (see Table E1 in the online data suppleclosing pressure in the male upper airway in the passive and sleeping ment). Men and women in the present study were equivalent in conditions, respectively. These closing pressures were used to estimate terms of baseline genioglossus activation (tonic, phasic, and peak the elastic modulus of the tongue and uvula by matching our simulations 
Finite Element Model
For the finite element model, we focused on two areas. First, we simply created male and female upper airways based on the data from 10 subjects (5 male, 5 female) as described in Methods. collapses at Ϫ13 cm H 2 O, the female airway is still patent. The We then tested the relative collapsibility of the two models under female airway demonstrated a significantly lower closing pressimulated sleeping (some muscle activity) and simulated passive sure, Ϫ18.5 cm H 2 O, implying less collapsibility. Table 3 (Sleep-(no muscle activity) conditions as described. Second, as the airing conditions) shows the predicted decreases in D min , the dimenway lengths were so strikingly different between men and sion of the narrowest part of pharynx, and S up , the area of a women, we determined, using our model, the isolated effect of portion of velopharynx on the middle sagittal plane (see Methairway length on pharyngeal collapsibility. ods). D min decreases by 13.3 to 100% for men and by 7.5 to 65% The "sleeping" male and female airway models are shown for women, whereas S up decreases by 9.7 to 82% for men and in Figures E4a and E4b, respectively (see the online data suppleby 8.4 to 59.5% for women, when the pressure drops from Ϫ2 to ment), when Ϫ13 cm H 2 O was applied to the pharynx. This Ϫ13 cm H 2 O. Again, Ϫ18.5 cm H 2 O was required to completely pressure, as modeled on the basis of the data of Schwartz and collapse the female airway. coworkers, completely collapsed the male airway, but not the The passive pharyngeal airway model (simulated no dilator female airway. The female airway required Ϫ18.5 cm H 2 O to muscle activity) behaves similarly, as shown in Table 3 (Passive collapse completely. Figure E3 in the online data supplement conditions). When the pressure drops from Ϫ2 to Ϫ5 cm H 2 O, shows the detailed deformations at different negative pressures D min decreases by 33.3 to 100% for men and by 22.5 to 62.5% (0, Ϫ2, Ϫ5, Ϫ7, Ϫ10, and Ϫ13 cm H 2 O) for both men for women, whereas S up decreases by 26.4 to 82% for men and ( Figure E4a ) and women ( Figure E4b ). As can be seen, as the by 20.1 to 56.7% for women. Again, there is a substantial differpharyngeal pressure becomes more negative, the tongue and ence in closing pressure, Ϫ5 cm H 2 O for men and Ϫ7 cm H 2 O uvula collapse toward the posterior pharyngeal wall. However, for women. at each negative pressure, the collapse of the female airway is
We also assessed the isolated influence of pharyngeal airway length on upper airway collapsibility. This was accomplished by less than is seen in the male. When the male upper airway fully comparing the male "sleeping" airway model with an otherwise gests that the observed length differences are sex-specific rather identical model changed by only a 30% decrease in airway length. than a function of men being taller than women. In theory, a We chose this value of 30% as this was approximately the differgreater length of susceptible airway (hard palate to epiglottis) ence observed between the two sexes in our experimental meawould increase the propensity for pharyngeal collapse if all other surements of pharyngeal airway length. Table 3 (Length changes) variables are held equal (57). Therefore, for a given negative shows the changes in D min and S up when the male pharyngeal airairway pressure during inspiration, the extent of pharyngeal colway length is decreased by 30%. As can be seen, the closing preslapse would be greater in men than in women, simply on the sure for the shorter airway is considerably more negative, fallbasis of anatomic differences. ing from Ϫ13 to Ϫ19 cm H 2 O. As can be seen in Table 3 (Length We have reported increased pharyngeal collapse in men as changes), all measures of collapsibility decrease when the shorter compared with women during nonrapid eye movement sleep in airway is compared with a larger airway. These differences are response to inspiratory resistive loading (21). In this prior study, similar to those observed between the male and female models. the development of inspiratory flow limitation was substantially more common in men than in women after load application DISCUSSION during nonrapid eye movement sleep. However, no important differences in pharyngeal dilator muscle activation (phasic and The results of this study suggest that at least one plausible explatonic) were observed. We therefore concluded that the sex differnation for the male predisposition to pharyngeal collapse is sexences in upper airway collapsibility must be related to differences based differences in upper airway anatomy. When compared in either anatomy and/or tissue characteristics (e.g., compliance, with women, men had increased pharyngeal airway length, indeformability). However, one publication reported no important creased soft palate area, and increased pharyngeal volume. On differences between the sexes regarding critical closing pressure the other hand, no consistent sex-related differences in upper during sleep (31) . We have no clear explanation for these discorairway physiology were observed during wakefulness. Specifidant results. Because the upper airway responds differently when cally, there were no systematic differences in pharyngeal dilator suction is applied from the nose as opposed to the trachea (colmuscle activation/responsiveness, or pharyngeal mechanics. The lapse versus flow limitation), one could argue that the response finite element method also improves our understanding of upper to inspiratory resistive loading is a more physiologic perturbation airway biomechanics. The observed sex-related differences in than is an assessment of critical closing pressure. In addition, pharyngeal anatomy had an important impact on the vulnerabilthe manipulations in pharyngeal pressure that occur during a ity of the upper airway to collapse. The average male airway critical closing pressure determination may significantly influwas substantially more collapsible than the average female airence the activity of the pharyngeal dilator muscles. The current way based purely on anatomic features, with differences in airstudy would suggest that the observed anatomic differences may way length being the most important variable.
be adequate to explain the greater collapsibility, although we Although the longer pharyngeal airway length in men comcannot exclude additional differences in tissue characteristics. pared with women has not been reported, these observations However, further work is clearly needed in this area, particularly are consistent with previous literature in this area (19). Several with regard to potential sex differences in tissue elastic modulus. cephalometric and morphometric variables that have been assoAn increased size of the soft palate was also observed in men ciated with OSA (such as facial length and caudal hyoid position) when compared with women. This finding was true for both the may be surrogates for pharyngeal airway length (51) (52) (53) (54) (55) (56) . In addicenterline length and the cross-sectional area of the soft palate tion, at least one study suggests that airway length may impact on the midsagittal plane. This finding persisted even after norpharyngeal collapsibility as well. The fact that the male airway is longer, even when length in normalized for body height, sugmalizing for differences in body surface area, suggesting that 
Definition of abbreviations:
Decr. ϭ decrease; D min ϭ dimension of the narrowest part; E ϭ elastic modulus; F ϭ female; L ϭ upper airway length; M ϭ male; P in ϭ pressure at the airway entrance; P out ϭ pressure at the airway exit; S up ϭ projected area of a part of the velopharynx on the middle sagittal plane, which is measured from the tip of the uvula up to a distance of 20% of the total pharyngeal airway length.
* Dimensional changes in the upper airway (sleeping condition) at various negative pressures: a comparison between men and women.
† Dimensional changes in the upper airway (passive condition) at various negative pressures: a comparison between men and women.
‡ Dimensional changes in the upper airway (length changes) at various negative pressures: a comparison between men and women.
they are sex-specific and not just a function of body size. The emerge. Therefore, in our study sample, the finding of comparable upper airway resistance in men and women is consistent with relevance of this increase in soft palate tissue in men compared with women is unclear on the basis of the anatomic data alone. most of the reported literature (34). We believe our finite element model is and will continue No consistent differences in upper airway physiology/muscle activation were observed between the sexes in the present study.
to be an important technique for understanding upper airway physiology. It allowed us to build anatomically correct sagittal This is in direct contrast to the work of Popovic and White, who previously reported an increased genioglossal EMG in awake pharyngeal airways, apply properties to the tissues on the basis of previous investigations, and then assess collapsibility at pressures women when compared with men (26). The explanation for the discrepant results is unclear, although several additional studies commonly encountered in the human upper airway. The result was a substantially more collapsible male airway with differences from our laboratory have failed to find sex-based differences in muscle activation (21). Whether this relates to technique (comin airway length being the largest determinant. Although we accept that this model required some assumptions, we believe puterized versus paper-based data acquisition), altitude of experiment, sample size, or other variables is unclear at this time.
the current model provides useful, physiologically accurate information regarding the variables addressed. The lack of difference between the sexes in genioglossal responsiveness to negative pressure is also noteworthy. We have This study has a number of limitations. First, the anatomy and physiology studies were performed during wakefulness. One reported that upper airway dilator muscle activation is primarily driven by subatmospheric pharyngeal pressure on a momentcould argue that because our desire was to improve our understanding of OSA, that the study of normal and near-normal by-moment basis during inspiration (45, 46, 59, 60) . Therefore, we believe that the increase in pharyngeal dilator activation subjects during wakefulness potentially says little about disease. However, there have been clearly documented abnormalities of observed in response to the potentially collapsing airway pressure is protective of pharyngeal patency (61, 62) . The fact that upper airway anatomy and physiology in subjects with apnea compared with control subjects documented during wakefulness. men and women behaved identically in this regard suggests that the female advantage in the maintenance of pharyngeal patency Sleep-enhancing techniques to facilitate image acquisition such as sleep deprivation and/or benzodiazepines may, however, influis not mediated through this protective reflex.
Differences in upper airway resistance have also been obence pharyngeal mechanics/muscle activation, confounding data interpretation (63) (64) (65) . We therefore believe that careful anaserved between sexes in previous studies, but again this has not been a universal finding. The most thorough study performed tomic/physiologic assessment during wakefulness does provide valuable information. Second, the methodology for betweento date measured pharyngeal resistance in both sexes during wakefulness and nonrapid eye movement sleep (33). Only during subject comparison of electromyographic recordings has been questioned. and previous studies from our radiology group using similar 
